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Wemasked White’s and Benary’s brightness illusions and simultaneous contrast with narrowband visual
noise and measured detection thresholds and brightness. The noise was either isotropic or orientation ﬁl-
tered. A narrow spatial frequency tuning was found for detection and brightness for every stimulus. A
narrow orientation tuning was also found: the strength of the illusions decreased (White and Benary)
or increased (White) depending on the orientation of the mask. The critical borders were always of the
same contrast polarity. The results suggest that the brightness in ﬁgure–ground scenes is determined
by mechanisms integrating incremental and decremental borders in early visual cortices.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The inﬂuence of intermediate-level processes on surface bright-
ness is apparent in several visual illusions (e.g., Adelson, 1993;
Anderson & Winaver, 2005; White, 1979; Fig. 1). Models of bright-
ness perception highlight processes such as deﬁning local and glo-
bal frameworks (Gilchrist et al, 1999) or depth/layer
interpretations (Anderson, 2003) in explaining these percepts. Sin-
gle cell recordings have, however, shown that brightness, at least
for simple stimuli, is already processed in the primary (V1) and
the secondary (V2) visual cortices (Hung, Ramsden, Chen, & Roe,
2001; Kinoshita & Komatsu, 2001; MacEvoy, Kim, & Paradiso,
1998; Roe, Lu, & Hung, 2005; Rossi, Rittenhouse, & Paradiso,
1996). Computational models simulating low-level processes of
the visual system have also been successful in explaining bright-
ness perception (e.g., Blakeslee & McCourt,1999, 2001). Consistent
with low-level processing, recent psychophysical studies have
found that a narrow spatial scale mediates brightness information
(Peromaa & Laurinen,2004;Perna &Morrone, 2007; Salmela & Lau-
rinen, 2005, 2007.). Here we psychophysically test the role of low-
level mechanisms in the complex brightness illusions created by
Benary and White (Fig. 1; Benary, 1924; White, 1979). The results
suggest that the construction of brightness in a ﬁgure–ground
scene is crucially dependent on low-level mechanisms (Fig. 2).
In Benary’s cross (Fig. 1A), the local luminance contrasts of the
small triangles are identical and thus they should appear similar in
brightness. The apparent difference in the brightness of the trian-
gles has typically been attributed to the ﬁgure–ground segregation,ll rights reserved.
lmela).i.e., the triangle on the left side of the ﬁgure seems to be located on
the background or behind the cross, whereas the triangle on the
right side of the ﬁgure seems to be located on or in front of the
cross (Fig. 1A). In the original White’s illusion (White, 1979), two
gray rectangles are superimposed on the light and dark stripes of
a high contrast square wave grating. The gray patch located on
the light stripe is surrounded more by black than by white, and
conversely the gray patch located on the dark stripe is surrounded
more by white than by black. Based on local contrast or lateral
inhibition, the patch on the light stripe should appear brighter than
the patch on the dark stripe. However, the opposite is perceived.
The illusion still persists even if the length of the dark and light
borders of the small squares is equated (Fig. 1B): the patch on
the light stripe appears darker than the patch on the dark stripe.
Thus in both ﬁgures (Fig. 1A and B) the luminance and the local
luminance contrasts of the small triangles and squares are identi-
cal and still they appear different in brightness.
Several ideas and models have been put forward to explain the
apparent difference in the brightness of the small patches embed-
ded on the square wave grating and on the cross (Fig. 1A and B).
The brightness difference has been explained by ﬁgure–ground
segregation types of processes, e.g., the small patches appear to dif-
fer in brightness because they belong or are anchored to different
frameworks (Gilchrist et al., 1999). Several explanations are based
on T-junction (Fig. 1B) analysis, i.e., the luminance structure at the
corners (T-junction) of the small patches is used to divide the im-
age into different areas. The constant luminance along the top of
the ‘‘T” could be a cue for a ground border, whereas the luminance
change at the stem of the ‘‘T” could be a cue for a ﬁgural border
(Fig. 1B). This type of T-junction analysis is used in relating the tar-
get patch to the collinear region in White’s illusion (Todorovic,
Fig. 2. Squares and triangles in noise. An illustration of the narrow SF and orientation tuning of brightness perception with modiﬁed versions of White’s (left) and Benary’s
(right) illusions. The contrast decreases from top to bottom. (A) The SF of the noise mask increases from left to right. (B) The orientation of the noise mask varies from left to
right. Trace down each column until you barely see the small squares and triangles and ﬁnd out the critical SF (A) and orientation (B). Note that the effect depends on viewing
distance, suggesting that the tuning does not scale to stimulus size.
Fig. 1. Visual illusions used as stimuli. (A) Benary’s cross. (B) White’s illusion. The luminance and the local luminance contrast of the small rectangles and triangles are equal,
but they appear different in brightness. Above the White’s illusion is an example of the T-junction at the corner of the small patch. (C) Simultaneous contrast. The small
squares have equal luminance, but appear different because of the different local luminance contrast.
V.R. Salmela, P.I. Laurinen / Vision Research 49 (2009) 682–690 6831997), the selective integration of contrast (Ross & Pessoa, 2000) or
decomposition of the image into layers (Anderson, 1997, 2003).
Furthermore, the illusions have been explained by low-level ﬁlter-
ing processes. The brightness and the effect of changing the spatial
parameters in White’s illusion can be accounted for by a model
containing both circular ﬁlters and ﬁlters with elongated end-
zones (Moulden & Kingdom, 1989). Both of the illusions can also
be explained by multiscale spatial ﬁltering and normalizing the ﬁl-
ter outputs across orientations (Blakeslee & McCourt, 1999, 2001).It has also been shown that coarse sampling or local average lumi-
nance at the vicinity of the small patches predicts the illusions
(McCann, 2001).
Unlike in the classical simultaneous contrast (Fig. 1C), the small
triangles in Benary’s cross ( Fig. 1A) and the small squares in
White’s illusion (Fig. 1B) contain both incremental (ON) and decre-
mental (OFF) borders. Further, the borders of different polarity are
always in different orientations. In the Benary’s cross used in this
study (Fig. 1A), the triangle located on the background of the cross
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mental borders in vertical and horizontal orientations. In the
White’s illusion used in this study (Fig. 1B), the vertical borders
of the square on the light stripe are incremental and the horizontal
borders are decremental.
We used psychophysical noise masking to test the different
explanations and to isolate the mechanisms involved in perception
of the illusions. First, we replicated our previous ﬁnding that a nar-
row spatial frequency (SF) band mediates brightness information
(Peromaa & Laurinen, 2004; Salmela & Laurinen, 2005). Second,
we tested the role of incremental and decremental borders in cre-
ating the illusions by measuring the orientation tuning of the illu-
sions with orientation ﬁltered noise within the critical SF band.
Previous studies have found that separate processes are involved
in edge detection and brightness perception (Peromaa & Laurinen,
2004; Salmela & Laurinen, 2005). Therefore we separately mea-
sured the detection thresholds of the small squares and triangles
embedded in the illusions and the perceived brightness of the
squares and triangles in the stimuli above the detection threshold.
The noise could either mask both detection and brightness or mask
only brightness without any effects on detection. Similar tunings
for both tasks would suggest that detection and brightness are
mediated by the same mechanisms, and that the brightness illu-
sions are merely a consequence of the low-level processes in the
visual system. However, if the detection thresholds are unaffected
while brightness is altered, this would isolate the mechanisms in-
volved in brightness perception. Further, this would also reveal
what kind of processing takes place in building the brightness after
the detection of the stimulus.
To illustrate the ﬁndings of the experiments, modiﬁed versions
of White’s and Benary’s illusions embedded in visual noise are
shown in Fig. 2. Fig. 2A shows that a narrow band of medium SFs
masks the illusions. Fig. 2B shows that a narrow orientation band
within the critical SF band is sufﬁcient: masking two of the four
edges of the small squares in White’s illusion (Fig. 2B; vertical
noise) and one of the three edges of the small triangle in Benary’s
illusion (Fig. 2B; diagonal noise) masks the brightness of the small
patches.
2. General methods
2.1. Subjects
The experiments were carried out by the ﬁrst author and one
subject (LV) naïve to the purpose of the study. In addition, the ﬁrst
author and two naïve subjects (IK,TP) participated in control
experiments to conﬁrm the results. All subjects had normal or cor-
rected to normal vision.
2.2. Equipment
The stimuli were generated and experiments conducted with a
Visage (Cambridge Research Systems; 14 bit grayscale resolution)
controlled by Matlab 7. The display, a 22-in Mitsubishi Diamond
Pro 2070SB, was calibrated with a ColorCAL colorimeter (Cam-
bridge Research Systems). The image area subtended
14.7  19.6 at a viewing distance of 114 cm. The viewing distance
was held constant with a chin rest and the display was the only
light source in the room.
2.3. Stimuli
The stimuli were presented on the center of the uniform display
(luminance 44 cd/m2). The overall size of the stimuli was
7.34  7.34. The length and width of the bars in Benary’s cross
were 7.1 and 2.25 (Fig. 1A). The length of the legs and the hypot-enuse and the height of the small triangles in Benary’s stimulus
were 1.72, 2.44 and 1.22, respectively (Fig. 1A). The width of
the six bars and the squares in White’s illusion was 1.22
(Fig. 1B). The size of the rectangles in simultaneous contrast was
3.64  7.34 and size of the squares 1.22 (Fig. 1C). The bright
and dark areas in each ﬁgure were matched in size and thus the
mean luminance of the ﬁgures was always constant (44 cd/m2).
The luminance of the squares and triangles was constant (44 cd/
m2) and equal to the mean luminance of the display.
2.4. Noise
The stimulus was masked with band-pass ﬁltered white noise.
The rms (root mean square) contrast of the mask was 0.2 (standard
deviation divided by mean luminance). The SF bandwidth was
1 octave. The masks were either isotropic or the orientation band-
width was limited to 30. The size of the mask was 12.5  12.5
and thus the mask extended 2.5 beyond the stimulus on each side.
Either the mean SF (0.6–9.0 c/) or the orientation (0–90) of the
mask was varied (clockwise from vertical; 0 = vertical). The
orientations 0–90 were used because the stimuli contained
polarity-speciﬁc information only at 0, 45 and 90, e.g., the
triangle located on the background of Benary’s cross contained
decremental border in one orientation (hypotenuse; 45) but incre-
mental borders in two orientations (legs; 0 and 90) and thus we
would expect the noise at 45 to be more effective than the noise at
either 0 or 90. The masking was done by summing the ﬁgure and
mask before displaying the stimulus. For each trial, a new random
sample of the noise mask was generated.
3. Detection experiment
3.1. Stimuli
In the detection experiment the contrast of the square wave
grating (White’s illusion and simultaneous contrast) or the cross
(Benary’s illusion) was varied and the duration of the stimulus
was 1 s. The test patches (square or triangle) were superimposed
on symmetrical locations and thus the brightness of the patch
was always similar. In Benary’s cross the test triangle was located
on the background either on the top left or bottom right corner of
the cross. In White’s illusion, the test square was located on either
the left or the right side of the middle dark stripe. In simultaneous
contrast the test square was located on either the left or right side
of the dark part of the stimulus.
3.2. Procedure
The contrast detection thresholds for the test patches embed-
ded in different ﬁgures were measured with a 1-interval 3–1 stair-
case method with and without a noise mask. The subject’s task was
to indicate on which side of the ﬁgure the test patch (small square
or triangle) was. On each trial, the test patch was randomly either
on the left or right side of the stimulus. Two interleaved staircase
series were used, one starting from high (0.065–0.085) and the
other from low (0.015–0.035) contrast. After an incorrect answer
the contrast of the ﬁgure was increased and after three consecutive
correct answers at the same contrast level the contrast was de-
creased. An average of the reversals corresponds to 79% threshold.
Ten reversal points were used in total and the ﬁrst two were ex-
cluded from the calculation of threshold. Auditory feedback was gi-
ven for an incorrect answer. The contrast step was 0.005. Each
subject repeated the measurements twice and thus the thresholds
in the ﬁgures are averages of the four threshold estimates. The sub-
jects were allowed to move their eyes. The luminance of the test
patches was held constant (44 cd/m2) throughout the experiments.
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ied from 0.6 to 9.0 c/ (0.58, 1.00, 1.73, 3.00, 5.20 and 9.00 c/). In
the second condition, the center SF of the noise mask was ﬁxed
at 3 c/ (2–4 c/) and the orientation of the noise mask was varied
(0–90 in 22.5 steps). To estimate the peak and width of the tun-
ing, a Gaussian function was ﬁtted to each data set.
The detection threshold for the squares embedded in the
White’s illusion was also measured with a smaller and larger stim-
ulus. The size of the squares in the smallest stimulus was 0.34
(10 bars; overall size 3.43  3.43; noise size 6.27  6.27). The
size of the squares in the largest stimulus was 5.37 (overall size
21.5  21.5; 4 bars; the viewing distance was decreased to
57 cm, thus the area on the display increased to 29.4  39.2;
noise size 25  25).
4. Results
The noise masks at medium SF range increased detection
thresholds more than the masks at lowest and highest SFs
(Fig. 3A) when compared to thresholds without a noise mask
(Fig. 3A straight lines). Highly similar SF tuning functions were
found for Benary’s illusion and simultaneous contrast (Fig. 3A).
The functions peaked at 4.0 c/ and the width of the functions var-
ied from 1.3 to 1.6 octaves. The SF tuning for White’s illusion
peaked at lower range, at 2.2–2.3 c/ and the widths of the func-
tions were 1.6–1.7 octaves.
The orientation of the noise mask had only a small effect on the
detection thresholds (Fig. 3B). With Benary’s cross, the diagonal
orientations slightly increased the thresholds and with White’s
illusion there was a minor increase in thresholds with a noise mask
orthogonal to the surround grating (Fig. 3B). However, the sizes of
the effects in both cases were within the conﬁdence interval. With
simultaneous contrast, the orientation of the noise mask had no
systematic effect (Fig. 3B).Fig. 3. Detection thresholds. From left to right: Benary’s cross, White’s illusion and Simu
95% conﬁdence intervals. Horizontal lines are detection thresholds without a noise mask
orientation (0 = vertical).Increasing the stimulus size to 16-fold (4 octaves) shifted the
tuning function only 1.2 octaves for subject VS and 0.8 octaves
for subject IK to lower frequencies (Fig. 4B). The peak of the func-
tion shifted from 3.60 c/ to 1.64 c/ for subject VS and from 4.13 to
2.37 for subject IK as the stimulus size increased from 0.34 to
5.37 (Fig. 4A). The width of the functions in different conditions
varied from 1.6 to 2.6 octaves for subject VS and from 1.6 to 5.2 oc-
taves for subject IK (Fig. 4A).
5. Brightness experiment
5.1. Stimuli
In the brightness experiment, the test and the comparison
patches (squares or triangles) were superimposed on different
backgrounds. In Benary’s cross (Fig. 1A), the patches were located
on the cross and on the background. In White’s illusion (Fig. 1B)
and in simultaneous contrast (Fig. 1C), the patches were located
on the light and dark stripes. The contrast of the test patch was var-
ied and the duration of the stimulus was 10 s (if the subject re-
sponded while the stimulus was present, the stimulus
disappeared and a new trial began).
5.2. Procedure
The perceived brightness of the test patch was measured with a
nulling technique to abolish the apparent brightness difference be-
tween the test and the comparison patches. The subject’s task was
to increase or decrease the contrast of the test patch until it ap-
peared as similar as possible in brightness to the comparison patch.
First, the test patch was on the left side and was varied to match
the brightness of the comparison patch on the right side three
times, and then the locations of the test and comparison patches
were switched and three matches were made similarly. The sub-ltaneous contrast. Different symbols correspond to different subjects. Error bars are
. Detection thresholds as a function of (A) noise mask center SF and (B) noise mask
Fig. 4. The effect of stimulus size on the peak of the SF tuning function; (A) Tuning functions of different stimulus size (one function replotted from Fig. 3A). Error bars are 95%
conﬁdence intervals. Horizontal lines are detection thresholds without a noise mask. Different symbols correspond to different stimulus sizes; (B) The peak of the tuning as a
function of stimulus size. Error bars are the width of the tuning functions, i.e., low and high SF value at half-height. Different symbols correspond to different subjects.
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(cross or square wave grating) was 0.1 (with White’s illusion the
measurement was also done with 0.2 contrast) and the contrast
of the comparison patch was 0.0 (=mean luminance). The initial
contrasts of the test patches varied randomly from 0.04 to
0.02 or from 0.02 to 0.04. An average of the three adjustments
was calculated and the measurements were done twice. The con-
trast step was 0.01. The strength of the illusion was calculated as
the difference between the matches when the test patch was on
the left and on the right side of the ﬁgure (i.e., if there is no illusion,
the test is always adjusted to zero contrast, but if there is an illu-
sion, the test patch is adjusted above or below the zero depending
on the location).
The brightness experiment consisted of conditions similar to
the detection experiment. In the ﬁrst condition the SF of the isotro-
pic noise mask was varied from 0.6 to 9.0 c/ and in the second
condition the orientation of the (orientation ﬁltered noise) mask
was varied from 0 to 90. The peaks and the widths of the tunings
were estimated from Gaussian functions ﬁtted to the data.
6. Results
The noise mask at the same SF range that increased detection
thresholds decreased the strength of the illusion (Fig. 5). For the
most effective noise mask the illusion diminished and sometimes
disappeared completely, but with the lowest and highest SF masks
the illusion was perceived as strong as without a noise mask
(Fig. 5). For the three stimuli, similar SF tunings were found. The
functions peaked at 2.4–4.0 c/ and widths of the functions varied
from 0.6 to 1.4 octaves.
The strength of the White’s and Benary’s illusions depended on
the orientation of the noise mask, but with simultaneous contrast
no clear orientation-speciﬁc effect was found (Fig. 6). The Benary’sillusion decreased when the noise mask was in diagonal orienta-
tion (Fig. 6). The horizontal and vertical masks had no effect on
the illusion when compared to the strength without a noise mask.
With White’s stimulus, the illusion disappeared when the noise
mask was orthogonal to the background grating, but the illusion
increased when the noise mask was parallel to it (Fig. 6).
The increase of White’s illusion with parallel noise and the de-
crease of the illusion with orthogonal noise were conﬁrmed by an
additional naïve subject (Fig. 7A) and with a higher contrast of the
square wave grating (Fig. 7B). In every condition and with all sub-
jects, the noise in orthogonal orientation to the grating decreased
and the noise in parallel orientation increased the brightness of
the square on the dark stripe (Fig. 7; ﬁlled diamonds) compared
to the brightness matches without a noise mask (dashed and dot-
ted lines in Fig. 7). Similarly the noise in orthogonal orientation de-
creased and the noise in parallel orientation increased the darkness
of the square on the light stripe (Fig. 7; open triangles). In addition,
some asymmetries were found between the matches of the squares
on the dark and the light stripe, but the asymmetry was not clear
and systematic across all subjects (Fig. 7).
7. Discussion
We measured contrast detection thresholds and the perceived
strength of the simultaneous contrast, White’s and Benary’s illu-
sions embedded in visual noise. The narrowband noise was either
isotropic or orientation ﬁltered and either the SF or the orientation
of the noise was varied. The narrow SF noise mask increased the
detection thresholds although the images are broadband in SF do-
main. The effectiveness of the noise mask did not depend on the
size of the object, showing that the critical SF does not scale to
stimulus size. The detection thresholds did not, however, show
systematic dependence on the orientation of the mask.
Fig. 5. Illusion strength as a function of the mask spatial frequency. From left to right: Benary’s cross, White’s illusion and Simultaneous contrast. The illusion strength was
calculated as the difference between the brightness matches of patches located on the light and dark backgrounds. Horizontal lines are the strength of the illusion without a
noise mask.
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ment showed that a narrow orientation band within the narrow
SF band was sufﬁcient for masking the brightness. When two of
the four edges of the squares inWhite’s illusion were masked (with
two edges remaining visible) the illusion diminished. When the
hypotenuse of the triangle located on the background of Benary’s
cross was masked (with two edges remaining visible) the bright-
ness difference between the triangles diminished. Thus, the bright-
ness of the small squares and triangles embedded in the White’s
and Benary’s illusions were depended on both the SF content and
the orientation of the noise mask. Particularly White’s illusion
was strongly depended on the orientation of the mask: the noise
mask orthogonal to the background grating decreased the illusion
and the noise mask parallel to the background grating increased
the illusion. The results imply that the low-level mechanisms,
e.g., integration of incremental and decremental borders or border
ownership type of processing at a narrow spatial scale determine
the brightness of the objects in ﬁgure–ground scenes.
In agreement with our previous masking studies (Peromaa &
Laurinen, 2004; Salmela & Laurinen, 2005; Salmela & Laurinen,
2007) and the notch ﬁltering study by Perna and Morrone
(2007), the results show that a narrow spatial scale mediates
brightness information. Further, it seems that similar mechanisms
mediate brightness information in simple brightness polarity iden-
tiﬁcation (Salmela & Laurinen, 2005) and in ﬁgure–ground pat-
terns. The SF tuning did not scale to stimulus size in our current
and previous masking experiment (Salmela & Laurinen, 2005)
and in Perna and Morrone’s (2007) ﬁltering experiment. These sug-
gest that a ﬁxed SF channel mediates brightness information.
Depending on the stimulus, the task and the method, the peak tun-
ing varies, however, from 1 c/ (Perna & Morrone, 2007; Peromaa &
Laurinen, 2004) to 1.5–5 c/ (Salmela & Laurinen, 2005; current
experiment). An intriguing question is what explains this variation.
An obvious reason would be different stimuli, tasks and experi-
mental methods. However, using noise masking, broadband (i.e.,sharp-edged) stimuli and quite similar brightness tasks the varia-
tion is still considerable. It could be that the width of the scale is
actually 2–3 octaves and that the measured tunings are contami-
nated by some artifact, e.g., off-frequency looking. This is unlikely,
however, since similar widths have been reported using noise
masking and ﬁltering. Another option is that the ‘‘brightness” scale
is partly ﬂexible inside the 2–3 octaves and the visual system uses
the ‘‘best channel” in this range. The widths of the tuning functions
in the current experiment suggests that the bandwidth of the
brightness processing is 1–2 octaves, but as noted above, the actual
bandwidth could be broader due to off-frequency looking.
In White’s illusion the incremental and decremental borders of
the squares push the brightness of the squares in opposite direc-
tions. The incremental (orthogonal to the grating) borders of the
square on the light stripe darkens the square and the decremental
(parallel to the grating) borders of the square on the light stripe
brightens the square (and vice versa for the square on the dark
stripe). When the orthogonal border is masked, only the parallel
border could be effective and the square on the light stripe should
be brighter than without the mask. When the parallel border is
masked, only the orthogonal edge could be effective and the square
on the light stripe should be darker than without the mask. This is
exactly what we found (Fig. 7). Further, this predicts that the illu-
sion should even reverse with the orthogonal mask. For 2/3 of sub-
jects the illusion was reversed when the contrast of the
background grating was 10% (Fig. 7A). There was no reversal, how-
ever, with 20% contrast of the grating probably because the higher
contrast borders were not completely masked (Fig. 7B).
Previously White’s and Benary’s illusions have been explained
by various theories and models ranging from spatial ﬁltering to
anchoring (Anderson, 1997; Anderson, 2003; Blakeslee & McCourt,
1999, 2001; Gilchrist et al., 1999; Moulden & Kingdom, 1989; McC-
ann, 2001;Ross & Pessoa, 2000; Todorovic, 1997. The narrowband
noise used in our experiment scrambles the activation of only a
small population of neurons at low processing levels and should
Fig. 6. Illusion strength as a function of noise mask orientation (0 = vertical). From left to right: Benary’s cross, White’s illusion and Simultaneous contrast. The illusion
strength was calculated as the difference between the brightness matches of patches located on the light and dark backgrounds. Horizontal lines are the strength of the
illusion without a noise mask.
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tions analysis (Todorovic, 1997), layer decomposition (Anderson,
1997; Anderson, 2003), selective integration (Ross & Pessoa,
2000), multiscale ﬁltering (Blakeslee & McCourt, 1999; Blakeslee
& McCourt, 2001; Moulden & Kingdom, 1989) and coarse sampling
(McCann, 2001). The anchoring theory of brightness perception
does not predict any SF- or orientation-speciﬁc changes in our
experimental setup since in every condition the highest luminance
remained the same. Masking the T-junctions as such is not sufﬁ-
cient explanation either. It is not clear how a T-junction-based
analysis would explain an increase of brightness difference in
White’s illusion when the top of the T-junction is masked and a de-
crease when the stem of the T-junction is masked but is still
detectable and the information for junction analysis is available.
Since the detection thresholds were tuned only for SF, but not for
orientation, it seems that the detection is mediated by a mecha-
nism tuned narrowly to SF and broadly to orientation (Olzak &
Thomas, 1999). Instead of low-pass tuning predicted by coarse
sampling, we found narrow band-pass tuning at medium SF range.
The White’s and Benary’s illusions have been explained by a
low-level model of brightness perception based on orientated ﬁl-
ters on several spatial scales and nonlinear pooling of ﬁlter re-
sponses (Blakeslee & McCourt, 1999, 2001). The model explains
the illusions by normalizing the responses of ﬁlters in different ori-
entations, e.g., in White’s illusion the ﬁlter responses to the edges
orthogonal to the grating are weighted relatively more than the ﬁl-
ter responses to the edges parallel to the grating (Blakeslee &
McCourt, 1999). However, Blakeslee and McCourt’s model includes
seven SF channels from 0.1 to 6.5 c/ in 1 octave steps and each
channel contains six ﬁlters in different orientations (42 ﬁlters in to-
tal). Adding noise of a narrow orientation band within one SF band
affects only the ﬁlters with the same and nearby tuning. In other
words, a narrowband mask should not greatly affect multiscale ﬁl-tering in different orientations, since scales and orientations other
than the scale and the orientation that the mask contains could be
used. The exact performance of the model in the noise conditions,
however, would require computational simulations, since in addi-
tion to ﬁlter responses the noise could affect the normalization
and/or pooling processes. Presumably the increase and the de-
crease of the illusion depending on the orientation of the noise
mask could be explained by the model. Adding noise orthogonal
or parallel to the grating would have an orientation-speciﬁc effect
on the normalization process in the model and hence would ex-
plain the results. Thus our results are compatible with the model.
The narrow tuning functions we found, however, suggest that ﬁl-
ters below 1 c/ and above 5 c/ are not used in the computation
of surface brightness.
Our results are compatible with the physiological results. Single
cell recordings and optical imaging studies have found that the
cells in V1 and V2 carry information of surface brightness, color
and relative luminance (Friedman, Zhou, & von der Heydt, 2003;
Hung, Ramsden, & Roe, 2007; Hung et al., 2001; Kinoshita & Koma-
tsu, 2001; Lu & Roe, 2007; MacEvoy et al., 1998; Peng & van Essen,
2005; Roe et al., 2005; Rossi & Paradiso, 1999; Rossi et al., 1996).
The properties of the effective noise masks in our study match well
the properties of the receptive ﬁelds of the simple cells in V1 (De
Valois, Albrecht, & Thorell, 1982; De Valois, Yund, & Hepler,
1982). Furthermore, cells in V2 and V4 (and some even in V1) also
carry information on ﬁgure-ground segregation, or border owner-
ship (Zhou, Friedman, & von der Heydt, 2000). Cells respond more
strongly to an identical luminance border when the ﬁgure forming
the border is on the cells’ preferred side rather than when the ﬁg-
ure is on the opposite side. This suggests that each luminance bor-
der is double-coded by two populations of neurons preferring
ﬁgures on opposite sides (Craft, Schütze, Niebur, & von der Heydt,
2007). The orientation-speciﬁc masking effect can be understood
Fig. 7. Brightness matches of the two squares in White’s illusion and the illusion strength. Error bars are 95% conﬁdence intervals. Horizontal lines are the brightness matches
or the strengths of the illusion without a noise mask. (A) Grating contrast 10%. (B) Grating contrast 20%. 0 = orthogonal to the grating, 90 = parallel to the grating.
V.R. Salmela, P.I. Laurinen / Vision Research 49 (2009) 682–690 689by border ownership assignment. In our experiment, the triangle
on the background of Benary’s cross was masked when only the
hypotenuse of the triangle was masked. According to border
assignment, the legs of the triangle are assigned to the cross and
the hypotenuse to the triangle. Thus when the diagonal mask is
added to the ﬁgure, the hypotenuse of the triangle is masked and
the brightness of the triangle is decreased because the hypotenuseis the only border assigned to the triangle. In other words, the
hypotenuse is the only distinctive feature of the triangle, and
masking it is sufﬁcient to abolish the illusion. Hence, no explicit
ﬁgure-ground segregation needs to be assumed. The orientation
of the mask did not, however, have any clear effect on the detection
thresholds. This suggests that borders are not yet assigned at the
ﬁrst stage of processing with oriented ﬁlters. A Similar border own-
690 V.R. Salmela, P.I. Laurinen / Vision Research 49 (2009) 682–690ership assignment also partially ﬁts White’s illusion: the borders of
the small patch parallel to the background grating are assigned to
the bars and the orthogonal borders are assigned to the small
patches, and masking the orthogonal borders is sufﬁcient. How-
ever, masking the parallel borders assigned to the bars of the grat-
ing also affected the brightness of the squares in White’s illusion.
This suggests that the border assignment is not complete in com-
putation of surface brightness. The border ownership has been
modeled either with long-range connections within V2 (Zhaoping,
2005) or with feedback connections from higher areas, or grouping
cells (Craft et al., 2007). However, the models do not contain
brightness coding from assigned borders.
The triangles and squares in White’s and Benary’s stimuli al-
ways contain borders of both contrast polarity. It is well-known
that ON and OFF systems are separate from the retina to the visual
cortex (Schiller, 1982; Schiller, Sandell, & Maunsell, 1986). White’s
and Benary’s illusions indicate that the combination of the ON and
OFF channels is not straightforward. If the brightness would be cal-
culated as an average based on the ON and OFF borders, the small
patches in White’s and Benary’s illusions should appear similar. It
is also well-known that the perception of brightness and darkness
is asymmetric (e.g., De Weert & Spillmann, 1995). However, since
the incremental and decremental borders of the squares and the
triangles on the left and right side of the ﬁgures are identical
(Fig. 1A and B), the brightness difference is not just a consequence
of the asymmetry between the ON and OFF channels. Previous
studies have found that White’s illusion is diminished if the lumi-
nance of the small squares is not between the luminance of the
light and dark stripes (Spehar, Gilchrist, & Arend, 1995). And if
the gray patches in White’s stimulus are either lighter than the
light stripes (double increment) or darker than the dark stripes
(double decrement), then the illusion reverses (Ripamonti & Gerbi-
no, 2001; Spehar, Gilchrist, & Arend, 1997), i.e., is equal to the
simultaneous contrast. In the double increment and double decre-
ment stimuli, the T-junctions are preserved but all the edges of the
small squares are of the same contrast polarity.
An open question is how the separate ON and OFF pathways are
combined or integrated to produce the ﬁnal percept. Recently it
has been suggested that the ON and OFF channels are not inte-
grated but remain separate (Vladusich, Lucassen, & Cornelissen,
2007). The results of the current experiment suggest that the inte-
gration (or absence of integration) of ON and OFF pathways is clo-
sely related to scene segmentation. It could be that the separate ON
and OFF channels form the neural substrate of the ﬁgure–ground
segregation and border ownership, which in turn seems to be clo-
sely related to perception of surface brightness.
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